I. INTRODUCTION
Over the years, AC-DC corridors have gained immense popularity for bulk power transmission over long distances [1] . Apart from being economical, the fast active power response capability of HVDC link has been used to improve transmission grid operation flexibility and stability [2, 3] . The ability of HVDC system to improve transmission grid stability was first shown and explained using the equal area criterion in [4] . It is experimentally shown that amount of initial DC power change has a significant impact on grid transient stability. Additional tests are conducted in [5] showing that factors like duration of DC current, rate of increase of DC current, location of DC link and in some cases, power flow reversibility affect the ability of HVDC link to influence the stability of the system. A feedforward control scheme was also implemented in the Pacific DC Intertie (PDCI) to ensure stability of the system under critical generation or transmission outages [6] .
Fast controller is crucial for grid transient stability. A system may become first swing unstable in a matter of a few seconds. For example, a proportional-derivative (PD) controller can be used to improve the first swing stability [7] . The controller is verified using a simple 9 bus test system. The controller proved to be effective and but the PD controllers are susceptible to noise. A bang-bang strategy based HVDC auxiliary controller is proposed to improve the transient stability [8] . Depending on the rate of change of voltage phase angles at the terminals, the power in HVDC link is either increased or decreased to a pre-selected level. In a similar work introduced in [9] , there is a proposal to use the power flow in the parallel AC line as an input to modulate the power in HVDC link. The main aim is to suppress the peak loading during large oscillation in the parallel AC line.
With improvement in wide area measurements, there have been several attempts to combine the fast active power response capability of HVDC links and real-time wide area measurements to achieve flexible and stable grid operations. An example study is conducted on simplified Great Britain system wherein wide area measurements are used as inputs to control the power flow of the HVDC link in response to AC network outages [10] . The study investigated different control concepts and demonstrated that the system can survive major AC network outages with the help of HVDC auxiliary control. In another study [11] , various controls inputs are tested to evaluate their performance to improve transient stability. Real power in the parallel AC line showed highest improvement in critical clearing time.
Improving grid transient stability through fast HVDC power modulations is a nonlinear control problem [12] . More thorough investigation is needed to fully capture system dynamic behaviors and the potential risk of first-swing or multi-swing transient instability under critical contingencies. There is a need for systematic research to evaluate the effectiveness of HVDC power modulation control strategies based on actual, large system dynamic models.
In this paper, we have investigated the auxiliary control of HVDC link for improving grid transient stability. The study is performed using a detailed model of the Western Interconnection system. The effectiveness of wide area frequency based Proportional-Integral (PI) control is demonstrated under extreme disturbance conditions. The rest of the paper is organized as follows: The control schemes for HVDC link power modulations are discussed in Section II. The study system and the transient stability study scenarios are described in Section III. The simulations results are presented in Section IV and the paper is concluded in Section V.
II. CONTROL SCHEMES FOR HVDC MODULATIONS
HVDC system is highly controllable in response to AC network fault events or disturbances. Its effective use depends on the system characteristics, the measurements available, and the headroom or the overloading capability. In this section, a brief review is provided on the HVDC modulation control schemes for improving transient stability of interconnected power systems.
A. Event-based control triggered by SPS or RAS
Event based HVDC controls are traditionally implemented as Special Protection Schemes (SPS) or Remedial Action Schemes (RAS) when the speed of control is very crucial to mitigate the instability of the interconnected power systems. The controls may be triggered by line faults, line trips, generator trips or any other event that is known to lead to stability issues. As an example, a control strategy triggered by a line fault is introduced in [9] . However, the event based controls are insensitive to the intensity of system disturbances, and hence, might lead to excessive or in some cases insufficient response.
B. Response-based control using wide area measurements
Response based controls are the preferred controls that use phase and frequency inputs from Phasor Measurement Units (PMUs) deployed on the interconnected power systems [10] . The input measurements not only provide real-time situational awareness to initiate fast control action of HVDC link but also enable adaptive power modulations of HVDC link in response to real-time system feedbacks. These controls can be used in case of complex events and not requiring any prior knowledge of the contingency.
C. Power modulation control based on frequencies
The basic principle of achieving transient stability is to identify the generator speed accelerating and decelerating regions. HVDC overloading capability is used to transfer more power from the accelerating region to the decelerating region. Frequency difference between the interconnected regions provides the necessary information to determine the increase or decrease in power flow of HVDC link.
The power modulation in HVDC link is actuated when the measured frequency difference is beyond a predetermined threshold. This will avoid unnecessary triggering of the controller under small or moderate disturbances. The proportional constant K p needs to be chosen such that fast and sufficient response is provided to enhance stable grid operations during critical power swing conditions.
D. Power modulation control based on voltage phase angles
The active power flow in a network is primarily dependent on the angle difference between the two regions. Unlike the frequencies which are the same or quite close across the system in steady state conditions, the phase angles may differ vastly between regions. Hence, a reference angle difference needs to be used in the HVDC auxiliary controller to ensure that only the changes to the steady state angle difference is taken into account and not the absolute difference.
E. Emergency DC power run-up and run-back
In case of extreme contingencies, the auxiliary control functions based on frequency or phase angle differences might not be able provide fast, sufficient responses to mitigate the risk of first swing instability. In these cases, the fast DC power run-up and run-down functions could be implemented that can fully utilize the available overloading capability of the HVDC link. As an example, a bang-bang control strategy has been investigated based on incremental power flow changes at the converter terminal station to ensure first-swing stability [13] .
III. STUDY SYSTEM AND SIMULATION SETUP

A. Study system description
This study is performed based on a detailed dynamic model of the Western Interconnection system. The study system consists of 21,000 buses and represents the summer peak case of 2016. There are already operational challenges within the Western Interconnection that restrict greater bulk power delivery across large areas due to various system security constraints and stability concerns. The Western Interconnection has 66 critical transmission paths with the major generation sources concentrated in the northwest region and major loads in the southwest region. The Pacific DC Intertie (PDCI) was built in 1970s to transfer hydro power from northwest region to California. After several upgrades, it is expected that the PDCI will be operated up to 3220 MW at ±520 kV in the near future [14] . Fig. 1 .shows the Pacific HVDC Intertie with parallel AC lines. During summer peak loads, around 8000 MW is transferred from northwest region to southwest region.
Under heavy N-S power flow conditions, phase angle separations between the northwest and southwest regions reach up to about 90 degrees [16, 17] . One of the metrics to measure transmission congestion is given by U75 which measures the percent of the time the flow in the path is above 75%. Path 66 is among the most congested paths which had a U75 rating of 41% [17] . Path 66 is also known as California Oregon Intertie (COI) consisting of three 500 kV AC lines. Among them, two parallel 500 kV lines run from Malin substation to Tesla substation and the third one runs from Captain Jack substation to an intertie near Tesla. The COI is rated to 4800 MW from North to South and 3675 MW from south to north due to transient stability limits. [18] The parallel Pacific AC and DC corridors (PDCI and COI) are highly utilized and have a U90 rating of over 14% over the year [17] . The thermal limit of the three 500kV AC lines are about 10,000 MW, but it carries only 50% of this rating due to transient stability limits [19] .
B. Simulation setup
In this study, the full dynamic model of Western Interconnection system is tested using PSLF simulation platform. The PDCI operates at rated power (3100MW) feeding power from Pacific Northwest into South California. The converter station at Celilo operates at rectifier mode and controls the direct current, and the converter station at Sylmar operates at inverter mode and controls the direct voltage. For dynamic simulations, the PDCI is modeled using the generic two-terminal HVDC model (EPCDC) available at PSLF model library. The HVDC auxiliary control is developed as a user defined model which provides auxiliary current signal to the EPCDC model to modulate the DC current in PDCI link. A 30% overload capability is used as the base assumption.
Two system operating conditions of the study system are used to test the HVDC auxiliary controls. The base case condition represents the summer peak of 2016 with 3800MW power transfer on Path 66. The second case represents more stressed system operating condition with increased power transfer (4500MW) on Path 66. The HVDC auxiliary control is designed for mitigating transient stability under large system disturbances. A range of critical contingencies are simulated for the base case and the stressed system operating conditions. One of severe fault cases is to apply a three-phase ground fault at the Malin substation (near the northern part of COI). The fault is cleared after an extended duration of 300ms followed by tripping the double circuit lines between Malin substation and Round Mountain substation.
IV. IMPROVING TRANSIENT STABILITY BY HVDC CONTROL
A. HVDC auxiliary control logic
The frequencies measured from the converter station AC buses are taken as the inputs to the HVDC auxiliary controller. This is a first order controller implemented with a proportional constant to increase or decrease the DC current based on the frequency difference. The control action is triggered when the frequency difference is beyond a preset threshold. The proportional constant is set at 5.0 kA/Hz based on simulation studies for a range of system critical contingencies. A dead band is also added to avoid spurious control actions.
In addition to the inputs from frequency measurements, the auxiliary controller also monitors HVDC system operating conditions including converter station AC bus voltages, DC terminal voltages and DC line currents, to make sure that the control actions do not compromise the HVDC system recovery from close-in AC fault. In other words, the control action will not be actuated if the HVDC system is not in normal operating condition. The controller only modulates the DC current during critical power swing conditions. When the frequency difference is seen to settle within the dead band, the auxiliary control signal will be reduced to zero and the DC link will go back to the scheduled power delivery.
B. Simulation results with and without HVDC control
The simulation results of the base case and stressed case scenarios are shown in Figures 2 and 3 . These include the frequency difference and voltage phase angle difference between the terminals and the HVDC power flow. For the base case shown in Figures 2, the previously high frequency and angle oscillations are effectively damped by the HVDC control. 
C. Impacts of available HVDC overload capability
One of the factors limiting the effectiveness of HVDC control for improving transient stability is the overloading capability of the HVDC system. The overloading capability of classic HVDC systems includes short-term overloading and transient overloading capabilities. The short-term overloading capabilities vary by the design criteria for a duration from several minutes up to several hours. The transient overloading capability is the inherent feature of classic HVDC system ranging from 20% up to 50% beyond the rated capacity for a few seconds. The short-term overloading capabilities have already been utilized extensively for maintain the desired corridor power transmission during post-contingency operations and for mitigating small signal instability of interconnected power systems. In this work, we consider the transient overloading capability to improve transient stability during critical power swing conditions.
In the section, the impacts of available overloading capabilities of the HVDC system are investigated. The As seen in Figures 4, the system is still unstable following the specified extreme disturbance if only 10% overloading capability is available for the HVDC link. For this particular fault case, it can be observed that a 20% overloading capability is sufficient to maintain grid stability under the simulated severe disturbances. Increasing overloading capability from 20% to 30% does not seem to have significant impact on the stability of the system. Further studies are in progress with consideration of more stressed system operating conditions such as high solar PV generation in the south region. Higher overloading capability will become necessary to ensure stable system operations.
D. Impacts of HVDC controller gain-zones
In this section, the effect of the proportional constants of the HVDC auxiliary controller is investigated. Three different proportional constants are considered: 10, 5 and 2 respectively. The simulation results are presented in Figures 5. The From Figures 5, the system is stable with proportional constants 10 or 5, but becomes unstable if the proportional constant is reduced to 2. It shows that using a small value of K p might not provide sufficient synchronizing and damping torque to avoid unstable conditions. On the other hand, using a large value of K p might cause excessive DC power changes. Thus, the choice of proportional constants of HVDC auxiliary controller is critical for the effectiveness of improving grid transient stability and overall system dynamic performance. Further studies are in progress to investigate the choice of gain zones of HVDC auxiliary controller with consideration of the intensity of detected system disturbances.
V. CONCLUSIONS
In this paper, HVDC auxiliary control functions to improve transient stability of interconnected power systems are discussed. The benefits of implementing fast active power control of HVDC link to more ensure secure and stable operation of power system is evident. The simulation studies are done using a detailed dynamic model representing the full Western Interconnection system. The frequency based auxiliary controller seems to be successful in effectively damping large power oscillations and ensuring the grid stability under extreme fault conditions. Sensitivity analysis is performed with respect to the effects of the available overloading capabilities of the HVDC link and the choice of proportional constants of the HVDC auxiliary controller.
Further studies are in progress with consideration of more stressed system conditions. A robust transient stability control scheme utilizing available wide area frequencies and phase angles will be developed to ensure first-swing and multi-swing stability under complicated disturbance conditions.
